A cDNA was isolated from the nematode Caenorhabditis elegans that encodes an endoprotease which is a mem¬ ber of the Kex2 family of serine endoproteases. Degenerate oligonucleotide primers were designed based on conserved regions within the active sites of known Kex2-like endoproteases, and were used for reverse transcription-polymerase chain reaction (RT-PCR) of poly(A)+RNA isolated from C. elegans. A PCR product was isolated that had homology to the active sites of known furin endoproteases, and was used as a probe to screen a C. elegans cDNA library. A Kex2-like endoprotease (CelfurPC) which encoded a 692-amino-acid preproendoprotease, was identified. The deduced amino acid sequence for the catalytic domain of CelfurPC is homologous to the known Kex2-like endoproteases, with strongest structural homology to the furin/PACE4 family. However, all furins and PACE4 proteins contain a characteristic cysteine-rich domain, and all furins contain a transmembrane domain, neither of which is present in the CelfurPC protein. CelfurPC may thus represent a new class of Kex2-like endoprotease.
INTRODUCTION
Most NEUROPEPTIDES are synthesized as large, biologi¬ cally inactive precursors that must undergo a series of post-translational modifications to produce the smaller biolog¬ ically active peptides. Modifications include endoproteolysis at pairs of basic amino acids, removal of the basic residues that constitute the cleavage site, carboxyl amidation, and amino acetylation and cyclization . Endoproteol¬ ysis begins either in the Golgi or within secretory granules (Orci et al, 1987; Schnabel et al, 1989) , and endoproteolysis can ex¬ hibit tissue and developmental specificity ; Dickerson and Noël, 1991) . The enzymes responsible for cleaving propeptides at basic amino acids have recently been identified as serine endopro¬ teases similar to the bacterial subtilisins. The first eukaryotic subtilisin endoprotease identified was Kex2, which was isolated from yeast (Julius et al, 1984) . Mammalian homologs to Kex2 named furin, prohormone convertase 1 (PC 1, also called PC3), PC2, PC4, PACE4, PC5 (also called PC6), and PC7 have sub¬ sequently been cloned Bloomquist and Mains, 1993; Smeekens, 1993; Seidah et al, 1994 Seidah et al, , 1996 . Prohormone convertases have recently been identified in inverte¬ brates Nagle et al, 1993; Gomez-Saladin et al, 1994; Smiteía/., 1992) .
Determination of the tissue distribution and developmental regulation of the prohormone convertases has been an arduous task because of the complexity of most vertebrates species. To overcome this limitation, an alternative approach is to study the regulation of these endoproteases in a simpler, well-character¬ ized organism. Such an organism is the free-living nematode Caenorhabditis elegans, which has many genetic mutants de¬ scribed, strains available in culture, complete cell lineage mapped from the egg to the adult, and complete anatomy de¬ scribed at the ultrastructural level (Wood, 1988) . However, very little is known about serine endoproteases in C. elegans. The bli-4 gene encodes a protein that is involved in cuticle devel¬ opment and is homologous to Kex2-like endoproteases Thacker et al, 1995) . We have previously reported isolation of a PC2-like prohormone 'Department of Physiology and Biophysics, University of Miami School of Medicine, PO Box 016430 (R-430) Miami, FL 33101. 2Department of Biology, University of Miami, Coral Gables, FL 33124. 3Present address: NAMRU-2, Box 8132, APO AP 96520-8132 USA. convertase from C. elegans (Gómez-Saladín et al, 1994) , and in this report describe the isolation of a cDNA for a new Kex2like endoprotease that is most homologous to furin, and is dis¬ tinct from bli-4.
MATERIALS AND METHODS

Animals
C. elegans strain BA713 (kindly provided by T. Johnson) was maintained on NGM medium at 15°C on a lawn of E. coli strain OP50. For RNA isolation, the C. elegans were cleared of bacteria: E. coli were first grown overnight at 37°C on TB high nutrient media (GIBCO-BRL), and then transferred to S media, which allowed for survival but not growth of the bacteria (Wood, 1988) . C. elegans were added to the bacterial culture in S media, and allowed to clear for 5 days. Isolation of C elegans RNA C. elegans were grown as described above, harvested by sed¬ imentation overnight at 4°C, and centrifuged in 30% sucrose for 5 min at 500 X g. The floating cap of nematodes was resuspended in 0.1 M NaCl and centrifuged for 2 min at 500 X g. Nematodes were then gently agitated at room temperature to allow for digestion of remaining bacteria in the nematode gut, thus minimizing bacterial contamination of subsequent RNA purification (Wood, 1988) . Nematodes were then pelleted and resuspended in 4 M guanidine isothiocyanate, and RNA was isolated by the method of Chirgwin et al. (1979) , as described in Gómez-Saladín et al (1994) .
Preparation of C. elegans prohormone convertase probe
Primers for degenerate polymerase chain reaction (PCR) were Endo-8 (5'-AAYMRNCAYGGNACNMGNTGYGCNG-GNGA-3', corresponding to the HGTRCAGE motif), and downstream primers Endo-9 (5'-NCCNSWNGCCCANAY-RANAYRANATNSWNCC-3', corresponding to the SIF VWAS motif) and Endo-10 (5'-RTGYTGNANRTCNCKC-CANGTNARRT-3', corresponding to the LTWRD motif) ( Fig.   1 ). Poly(A)+RNA was isolated from a mixed population of C. elegans strain BA713 worms as described previously (Gómez-Saladín et al., 1994) , and 200 ng was used for reverse tran¬ scription, which was primed with primer Endo-10. The result¬ ing first-strand cDNA was used as template for 25 cycles of PCR with primers Endo-8 and Endo-10, producing a 600-bp PCR product. This 600-bp PCR product was then used as a tem¬ plate for a second round of nested PCR, using primers Endo-8 and Endo-9, resulting in a 300-bp amplimer. Primer Endo-8 contained a 5' addition of four repeats of CUA, and Endo-9 contained four repeats of CAU, to facilitate cloning with the CloneAmp system (GIBCO-BRL). The resulting PCR products were digested with uracil DNA glycosylase and annealed into the plasmid pAMP-1 (GIBCO-BRL), as described previously (Gómez-Saladín et al, 1994) . The resulting clones were screened by DNA sequencing using the dsCycle Sequencing kit (GIBCO-BRL). cDNA library screening A cDNA library made from a mixed population of C. ele¬ gans was provided by K. Johansen (Iowa State University, Ames, Iowa). This cDNA library was synthesized using an oligo(dT)primer, and packaged into Uni-ZAP XR phage (Stratagene). Approximately 106 pfu were plated onto E. coli, transferred to nitrocellulose filters, and hybridized with the fu¬ rin PCR probe (labeled with 32P-adCTP by random priming) as described (Gómez-Saladín et al., 1994) . Positive plaques were picked, and plasmid DNA was excised in vivo as described in the Stratagene cDNA kit.
Rapid amplification of cDNA ends
A second cDNA library was made from 1 pg of C. elegans poly(A)+RNA: firstand second-strand cDNA syntheses were carried out using standard protocols, and the ends of the re¬ sulting double-stranded cDNA were blunted with T4 DNA polymerase. Adaptors (Clontech) were ligated to the blunt ends of the cDNA library, and this new cDNA library was used as template for PCR with the Expand Enzyme (a mix of Taq and Pwo DNA polymerases, Boehringer-Mannheim, Inc.) using a downstream primer specific to the sequence of CelfurPC (CF-2, 5'-AATAAATAGTACTCGTCACCCGGA-3', Fig. 2 ) and an upstream primer specific to the adaptor sequence (AP-1, Clontech). The first-round PCR amplimers were then used as template for a second round of PCR, using internal primers specific to CelfurPC (CF-1, 5'-TTTGTTCGCCAGTCGGT-TCGCTTCTTC-3', Fig. 2 ) and to the adaptor (AP-2, Clontech), As described above for isolation of the C. elegans furin probe, the primers CF-1 and AP-2 were synthesized with either CAU (AP-2) or CUA (CF-1) repeats at their 5' ends, and the PCR products were annealed into the plasmid pAMP-1 using the CloneAmp System, and transformed into bacteria. The result¬ ing colonies were screened by DNA sequencing.
Northern analysis
Thirty micrograms of C. elegans total RNA was loaded into duplicate lanes and fractionated by electrophoresis on a dena¬ turing 1.5% agarose gel containing 6.5% formaldehyde. After electrophoresis, RNA was transferred to a Nytran membrane (Schleicher & Schuell, Inc.), UV cross-linked, and hybridized with the 300-bp degenerate PCR furin probe described above, which was labeled by carrying out PCR in the presence of 32P-adCTP (3000 Ci/mmol, Amersham). The furin probe did not cross-react with C. elegans PC2 (CelPC2, data not shown).
RESULTS
The amino acid sequences of the known prohormone con¬ vertases were aligned, and regions of homology were identi¬ fied. Degenerate oligonucleotide primers were designed to three motifs conserved between all the Kex2-like endoproteases: HGTRCAGE (Endo-8), SIFVWAS (Endo-9), and LTWRD (Endo-10) ( Fig. 1 ). C. elegans poly(A)+RNA was reverse-tran¬ scribed with the primer Endo-10, and the resulting first-strand (PC4.mou, D01093 ), and mouse PC5 (PC5.mou, L14932). Alignment was made using the MegAlign soft¬ ware (DNASTAR, Inc.); gaps introduced to optimize the alignment are denoted as dashes. Aspartate, histidine, and serine residues characteristic of serine endoproteases are indicated by closed circles above the amino acids. Primers for degenerate PCR are un¬ derlined with arrows; upstream primer Endo-8, and downstream primers Endo-9 and Endo-10. . This resulted in a 300-bp amplimer, which untranslated region (UTR). This ORF did not begin with a mewas cloned and sequenced. Two classes of 300-bp PCR prodthionine residue, indicating that this cDNA did not contain the ucts were identified: one class had homology to PC2 and has complete 5' sequence of CelfurPC. To obtain the 5' end of the been described previously (Gómez-Saladín et al, 1994) , and ORF, rapid amplification of cDNA ends (RACE) was carried the second class had homology to furin, and is reported here, out using the Clontech Marathon RACE kit. The largest 5' A C. elegans cDNA library was screened by high-stringency RACE clone contained a 400-bp insert. This 5' RACE clone hybridization using the 300-bp PCR-generated furin probe decontained 240 bp of sequence identical to the 5' end of the Cel-fur cDNA and extended the 5' sequence an additional 160 bp, encoding 5 new amino acids including an initiator methionine, and 104 bp of 5' UTR, which contained two in-frame stop codons (Fig. 2) .
The complete CelfurPC ORF encodes a 692-amino-acid pro¬ tein (Fig. 2 ), which contains a hydrophobic signal peptide and a consensus signal peptide cleavage sit at Ala-33 (von Heijne, 1983), followed by a prosegment and a putative tetrabasic cleav¬ age site (Arg-X-Lys/Arg-Arg) required for activation of Kex2like endoproteases at either Arg-136 or Arg-143 Seidah et al, 1994) . The CelfurPC protein also contains three potential N-linked glycosylation sites at Asn-275, Asn-455, and Asn-487, and an RGD cell attachment site (present in most Kex2-like endoproteases) at Arg-570 (Seidah et al, 1991) .
The nucleotide sequence of CelfurPC was used to search the ACEDB C. elegans database using BLAST software (Altschul et al, 1990) , and a partial match was found to the cosmid F11A6. The catalytic domain of CelfurPC was 63% homolo¬ gous to the catalytic domain of Bli-4, and 52% homologous to CelPC2, two previously described C. elegans Kex2-like endo¬ proteases Thacker et al, 1995; Gómez-Saladín et al, 1994) . More significant ho¬ mology was observed when the catalytic domain of CelfurPC was compared to all Kex2-like endoproteases, with the great¬ est similarity observed between CelfurPC and the furins (73%), PACE4 (73%), PC5/6 (72%), and PC 1/3 and PC4 (67%) (Fig.  3 ). However, the CelfurPC protein does not contain the cys¬ teine-rich domain found in all furin, PACE4, and PC5/6 pro¬ teins, and also lacks the hydrophobic transmembrane domain found in all furins Nakagawa et al., 1993; Seidah et al, 1994; Thacker et al, 1995; Seidah et al, 1996) . RNA that hybridized with a CelfurPC-specific probe (Fig. 4) , indicating a single CelfurPC is present in C. elegans. CONCLUSIONS A cDNA encoding a Kex2-like endoprotease (CelfurPC) was cloned from C. elegans. The protein sequence of CelfurPC con¬ tains characteristics of both furins and prohormone convertases. Members of the family of Kex2-like endoproteases are distin¬ guished by a conserved subtilisin-like catalytic domain, and op¬ tional cysteine-rich and hydrophobic domains (Fig. 3 ). On the basis of homology, the mammalian Kex2-like endoproteases have been divided into seven families: PC 1/3, PC2, PC4, PC5/6, PACE4, PC7, and furin. In addition to sequence conservation within the catalytic domain, the amino terminus and carboxyl terminus of the endoprotease proteins contain features unique to each family of endoproteases. The amino termini of furin proteins from chick, bovine, hamster, human, mouse, and rat are 84% homologous, and the carboxyl termini are 85% ho¬ mologous. In contrast, these flanking regions are not well con¬ served between different endoprotease families, even within a single species. For example, the flanking regions of furin PACE4, PCI, PC2, PC4, and PC5 from mouse are only 38% (amino) and 32% (carboxyl) homologous between endoprotease families. Thus, it has been possible to classify vertebrate Kex2like endoproteases by homology, using sequence information from the catalytic domain as well as from the regions flanking the catalytic domain.
CelfurPC does not easily fit into any of the families of mam¬ malian Kex2-like endoproteases. The catalytic domain of Cel¬ furPC has highest homology with the catalytic site of the furin, PACE4, and PC5/6 families of endoproteases. However, in all other species, furin, PACE4, and PC5/6 all contain a cysteinerich domain, and furin additionally contains a transmembrane domain (Fig. 3 ). In this respect, CelfurPC is similar to the PC 1 isolated from hydra by Chan et al (1992) , which had the great¬ est homology in the catalytic domain to furin, but similar to CelfurPC, lacked the cysteine-rich and transmembrane domains characteristic of furin. Comparing the flanking regions of Cel¬ furPC with other Kex2-like endoproteases did not identify any obvious vertebrate or invertebrate homologues, implicating Cel¬ furPC as a novel class of Kex2-like endoprotease. However, the flanking regions of the invertebrate furins are not as well con¬ served as their vertebrate homolog (i.e., only 38% homology between Aplysia, C. elegans, Drosophila, and Lymnea). Per¬ haps invertebrates have evolved specialized functions for the Kex2-like endoproteases, which have resulted in the loss of the conserved motifs.
C. elegans contains a family of Kex2-like endoproteases called Bli-4. Peters etal, 1991; Thacker et al, 1995) . There are four Bli-4 proteins (a,b,c,d) called blisterases that share a common amino terminus and catalytic do¬ main and differ only in the carboxyl terminus, probably due to alternative RNA splicing of a common pre-mRNA (Thacker et al, 1995) . Similar to CelfurPC, the Bli-4 catalytic domain is most homologous to furin, PACE4, and PC5/6, and the Bli-4 sequences flanking the catalytic site lack significant homology to any of the Kex-2 like endoprotease families, including Cel¬ furPC. The Bli-4d protein contains a cysteine-rich domain and a transmembrane domain characteristic of furin; Bli-4c contains only a cysteine-rich domain, characteristic of PACE4 or PC5/6, and Bli-4a and Bli-4b contain neither domain, characteristic of PCI and PC2 (Fig. 3 ). Bli-4a has been shown to be important for cuticle development, and several of the C. elegans cuticle collagene contain a consensus furin cleavage site (Arg-X-Lys/Arg-Arg) (Kramer et al, 1990; Kramer and Johnson, 1993; Thacker et al, 1995) . A more complex array of Kex2-like en¬ doproteases may thus exist in C. elegans than in vertebrates, including hybrid proteins such as CelfurPC and Bli-4. The best classification of CelfurPC should become clearer as other mem¬ bers of this gene family from C. elegans are identified, and the cellular locations and functions of the various endoproteases are determined.
